TET enzymes convert 5-methylcytosine to 5-hydroxymethylcytosine and higher oxidized 46 derivatives. TETs stably associate with and are post-translationally modified by the nutrient-47 sensing enzyme OGT, suggesting a connection between metabolism and the epigenome. Here, 48
NaCl, 0.5mM TCEP). Dialyzed protein was purified by size exclusion chromatography on a 134
120mL Superdex 200 column (GE Healthcare). Positive fractions were pooled, concentrated, 135 flash frozen in liquid nitrogen and stored at -80C in small aliquots. 136 137
Overexpression in HEK293T cells and immunoprecipitation 138 Mouse Tet1 catalytic domain (aa1367-2039) and truncations and mutations thereof 139
were cloned into the pcDNA3b vector. GFP fusion constructs were cloned into the pcDNA3.1 140 vector. Human OGT constructs were cloned into the pcDNA4 vector. Plasmids were transiently 141 transfected into adherent HEK293T cells at 70-90% confluency using the Lipofectamine 2000 142 transfection reagent (ThermoFisher) for 1-3 days. 143
Full-length mouse Tet1 and mutations thereof were cloned into the pCAG vector. 144
Plasmids were transiently transfected into adherent HEK293T cells at 70-90% confluency using 145
the PolyJet transfection reagent (SignaGen) for 1-3 days. were amplified from Gene Blocks (IDT) ( Supplementary File 1A, B ). Plasmid and template were 239 co-transfected into LF2 mESCs using FuGENE HD (Promega) according to manufacturer 240 protocol. After two days cells were selected with puromycin for 48 hours, then allowed to grow 241 in antibiotic-free media. Cells were monitored for green or red fluorescence (indicating 242 homology directed repair) and fluorescent cells were isolated by FACS 1-2 weeks after 243 transfection. All cell lines were propagated from single cells and correct insertion was 244 confirmed by PCR genotyping ( Fig. 3figure supplement 1A RNA was synthesized using mMessage mMachine (Ambion) with T7 RNA polymerase. RNA was 305
injected into one-cell-stage embryos derived from tet2 mk17/mk17 , tet3 mk18/+ intercrosses at the 306 concentration of 100pg/embryo [32] . Injected embryos were raised under standard conditions 307 8 at 28.5°C until 30 hours post-fertilization (hpf) at which point they were fixed for in situ 308 hybridization using an antisense probe for runx1. The runx1 probe is described in [33] ; in situ 309 hybridization was performed using standard methods, and runx1 levels were scored across 310
samples without knowledge of the associated experimental conditions [34] . Examples of larvae 311 categorized as runx1 high and runx1 low are provided in Supplementary File 3. tet2/3 double 312 mutants were identified based on morphological criteria and mutants were confirmed by PCR 313 genotyping after in situ hybridization using previously described primers [32] . 314
For sample size estimation for rescue experiments, we assume a background mean of 315 20% positive animals in control groups. We anticipate a significant change would result in at 316 least a 30% difference between the experimental and control means with a standard deviation 317 of no more than 10. responsible for binding to OGT. The TET1 CD consists of a cysteine-rich N-terminal region 357 necessary for co-factor and substrate binding, a catalytic fold consisting of two lobes separated 358 by a spacer of unknown function, and a short C-terminal region also of unknown function (Fig.  359 1A). We transiently transfected HEK293T cells with FLAG-tagged mouse TET1 CD constructs 360
bearing deletions of each of these regions, some of which failed to express ( Fig. 1B) . Because 361 HEK293T cells have low levels of endogenous OGT, we also co-expressed His-tagged human 362
OGT (identical to mouse at 1042 of 1046 residues). TET1 constructs were immunoprecipitated 363 (IPed) using a FLAG antibody and analyzed for interaction with OGT. We found that deletion of 364 only the 45 residue C-terminus of TET1 (hereafter C45) prevented detectable interaction with 365 OGT (Fig. 1B , TET1 CD del. 4). To exclude the possibility that this result is an artifact of OGT 366 overexpression, we repeated the experiment overexpressing only TET1. TET1 CD, but not TET1 367 CD ΔC45, interacted with endogenous OGT, confirming that the C45 is necessary for this 368 interaction ( Fig. 1figure supplement 1) . 369
OGT has two major domains: the N-terminus consists of 13.5 tetratricopeptide repeat 370 (TPR) protein-protein interaction domains, and the C-terminus contains the bilobed catalytic 371 domain (Fig. 1C ). We made internal deletions of several sets of TPRs to ask which are 372 responsible for binding to the TET1 CD. We co-transfected HEK293T cells with FLAG-TET1 CD 373
and His6-tagged OGT constructs and performed FLAG IP and western blot as above. We found 374
that all the TPR deletions tested impaired the interaction with TET1 CD, with deletion of TPRs 7-375 9, 10-12, or 13-13.5 being most severe (Fig. 1C ). This result suggests that all of OGT's TPRs may 376 be involved in binding to the TET1 CD, or that deletion of a set of TPRs disrupts the overall 377 structure of the repeats in a way that disfavors binding. 378 379
Conserved residues in the TET1 C45 are necessary for the TET1-OGT interaction 380
An alignment of the TET1 C45 region with the C-termini of TET2 and TET3 revealed 381 several conserved residues ( Fig. 2A) . We mutated clusters of three conserved residues in the 382 TET1 C45 of FLAG-tagged TET1 CD (Fig. 2B ) and co-expressed these constructs with His-OGT in 383
HEK293T cells. FLAG pulldowns revealed that two sets of point mutations disrupted the 384 interaction with OGT: mutation of D2018, V2021, and T2022, or mutation of V2021, T2022, and 385 S2024 (Fig. 2C, mt1 and mt2) . These results suggested that the residues between D2018 and 386 S2024 are crucial for the interaction between TET1 and OGT. Further mutational analysis 387 revealed that altering D2018 to A (D2018A) eliminated detectable interaction between FLAG-388 tagged TET1 CD and His-OGT ( Fig. 2D ). 389 390
The TET1 C-terminus is sufficient for binding to OGT 391
Having shown that the TET1 C45 is necessary for the interaction with OGT, we next 392 examined if it is also sufficient to bind OGT. We fused the TET1 C45 to the C-terminus of GFP 393 (Fig. 3A) and investigated its interaction with OGT. We transiently transfected GFP or GFP-C45 394 into HEK293T cells and pulled down with a GFP antibody. We found that GFP-C45, but not GFP 395 alone, bound OGT (Fig. 3B) , indicating that the TET1 C45 is sufficient for interaction with OGT. 396
To determine if the interaction between TET1 CD and OGT is direct, we employed 397 recombinant proteins in pulldown assays using beads conjugated to a TET1 antibody. We used 398 recombinant human OGT (rOGT) isolated from E. coli and recombinant mouse TET1 catalytic 399 domain (aa1367-2039), either wild type (rTET1 wt) or D2018A (rD2018A) purified from sf9 cells. 400 rTET1 wt, but not beads alone, pulled down rOGT, indicating a direct interaction between these 401 proteins (Fig. 3C ). rD2018A did not pull down rOGT, consistent with our mutational analysis in 402 cells. Then we used an in vitro transcription/translation extract to produce GFP and GFP-C45, 403
incubated each with rOGT, and found that the TET1 C45 is sufficient to confer binding to rOGT 404 (Fig. 3D ). The D2018A mutation in the GFP-C45 was also sufficient to prevent rOGT binding ( Fig.  405 3D), consistent with the behavior of TET1 CD D2018A in cells. Together these results indicate 406
that the TET1-OGT interaction is direct and mediated by the TET1 C45. 407 408
The D2018A mutation impairs TET1 CD stimulation by OGT 409
We employed the D2018A mutation to investigate the effects of perturbing the TET1-OGT 410 interaction on rTET1 activity. rTET1 wt and rD2018A catalyzed formation of 5hmC on an in vitro 411 methylated lambda DNA substrate (Fig. 4A ). Incubation with rOGT and OGT's cofactor UDP-412
GlcNAc resulted in O-GlcNAcylation of rTET1 wt but not rD2018A (Fig. 4B ). 413
To explore whether O-GlcNAcylation affects TET1 CD activity, we incubated rTET1 wt 414 and rD2018A with UDP-GlcNAc and rOGT individually or together and assessed 5hmC 415 production. Addition of UDP-GlcNAc did not significantly affect activity of rTET1 wt or rD2018A. 416
Incubation with rOGT alone slightly enhanced 5hmC synthesis by rTET1 wt (1.3. -1.7-fold), but 417 not rD2018A. We observed robust stimulation of TET activity (4-5-fold) when rTET1 wt but not 418 rD2018A was incubated with rOGT and UDP-GlcNAc ( Fig. 4C-F) . These results suggest that while 419 the TET1-OGT protein-protein interaction may slightly enhance TET1's activity, the O-GlcNAc 420 modification is responsible for the majority of the observed stimulation. 421 422
The TET-OGT interaction promotes TET1 function in the zebrafish embryo 423 We used zebrafish as a model system to ask whether the D2018A mutation affects TET 424 function during development. Deletion analysis of tets in zebrafish showed that Tet2 and Tet3 425 are the most important in development, while Tet1 contribution is relatively limited [32] . 426
Deletion of both tet2 and tet3 (tet2/3 DM ) causes a severe decrease in 5hmC levels accompanied 427 by larval lethality owing to abnormalities including defects in hematopoietic stem cell (HSC) 428 production. Reduced HSC production is visualized by reductions in the transcription factor 429 runx1, which marks HSCs in the dorsal aorta of wild-type embryos, but is largely absent from 430 this region in tet2/3 DM embryos. 5hmC levels and runx1 expression are rescued by injection of 431 human TET2 or TET3 mRNA into one-cell-stage embryos [32]. 432
Given strong sequence conservation among vertebrate TET/Tet proteins, we asked if 433 over expression of mouse Tet1 mRNA could also rescue HSC production in tet2/3 DM zebrafish 434 embryos and if this rescue is OGT interaction-dependent. To this end, tet2/3 DM embryos were 435 injected with wild type or D2018A mutant encoding mouse Tet1 mRNA at the one cell stage. At 436 30 hours post fertilization (hpf) embryos were fixed and the presence of runx1 positive HSCs in 437 the dorsal aorta was assessed by in situ hybridization (Fig. 5A ). Tet1 wild type mRNA 438 11 significantly increased the percentage of embryos with strong runx1 labeling in the dorsal aorta 439 (high runx1), while Tet1 D2018A mRNA failed to rescue runx1 positive cells ( Fig. 5A-B ). We also 440 performed dot blots with genomic DNA from these embryos to measure levels of 5hmC ( Fig.  441 5C). On average, embryos injected with wild type Tet1 mRNA showed a modest but significant 442 increase in 5hmC relative to uninjected tet2/3 DM embryos, while injection of TET1 D2018A 443 mRNA did not show a significant increase (Fig. 5D ). These results suggest that the TET1-OGT 444
interaction promotes both TET1's catalytic activity and its ability to rescue runx1 expression in 445 this system. 446 447
The D2018A mutation alters TET-containing complexes in mESCs 448
Given the defect of TET1 D2018A in the zebrafish system, we decided to explore the 449 effect of this mutation in mammalian cells. To this end, we generated a D2018A mutation in 450 both copies of the Tet1 gene (Fig. 6A ) in mESCs ( Fig. 6figure supplement 1) . A FLAG tag was 451 also introduced onto the C-terminus of wild type (WT) or D2018A mutant (D2018A) TET1. We 452 first tested whether D2018 was necessary for the TET1-OGT interaction in the context of 453 endogenous full length TET1 in these cells. FLAG pulldowns revealed that the D2018A mutation 454
reduced, but did not eliminate, co-IP of OGT with TET1 ( Fig. 6B; Fig. 6figure supplement 1) . 455
Levels of 5hmC were comparable between WT and D2018A mESCs ( Fig. 6C ), suggesting that 456 overall TET activity is similar. 457
In mESCs, TETs are found in high molecular weight complexes that also contain OGT and 458 the OGT-interacting protein HCF1 [26] . To examine whether the D2018A mutation affected 459 these complexes, we performed size exclusion chromatography on nuclear extracts prepared 460 from WT and D2018A mESCs (Fig. 6D ). Consistent with previous reports, in WT mESCs TET1 and 461 TET2 were found in overlapping high molecular weight (>669kDa) complexes that contain OGT 462 and HCF1. While TET3 is the smallest of the three TETs it was found in the highest molecular 463
weight fractions, which also contained both OGT and HCF1. In D2018A mESCs all three TET-464 containing complexes were altered. Although the total amount of FLAG-TET1 was comparable 465 between WT and D2018A cells ( Fig. 6B) , in D2018A mESCs the amount of FLAG-TET1 in high 466 molecular weight fractions was reduced (Fig. 6D ). This reduction coincided with an increase in 467 abundance of FLAG-TET1 in lower molecular weight fractions that contained much less OGT and 468 HCF1. In contrast, TET2 increased in abundance and shifted to higher molecular weight 469 fractions, while TET3 decreased in abundance but remained in the same fractions (Fig. 6D) . 470 These results suggest that the normal interaction between TET1 and OGT is necessary for the 471 proper distribution of TET1, TET2, and TET3 in high molecular weight complexes. The increase 472
in the amount of TET2 in D2018A mESCs may explain why bulk 5hmC levels were not 473 appreciably affected by this mutation (Fig 6C) . 474 475
The D2018A mutation alters 5mC distribution and gene expression 476
To determine whether these alterations in TET-containing high molecular weight 477 complexes affected gene expression, we compared WT and D2018A mESCs using RNA-seq. Of 478 the roughly 8800 expressed genes (FDR <0.1), we found over 2000 genes whose expression 479 changed by 2-fold or more in D2018A cells compared to WT (596 upregulated genes and 1639 480 downregulated genes) ( Fig. 7A, Supplementary File 4) . These results show that a single amino 481 acid substitution in TET1 causes a substantial change in global gene expression. 482
In mouse development TET1 is necessary for normal expression of many imprinted 483 genes [36] , prompting us to examine this class of genes. Of the 35 imprinted genes with 484 detectable expression (FDR <0.1) in either WT or D2018A mESCs, 14 changed expression by 2-485 fold or more and an additional 8 changed expression by 1.5-2-fold ( Supplementary File 5) . qPCR for selected imprinted genes in WT and D2018A mESCs confirmed the gene expression 487 changes found by RNA-seq (Fig. 7B) . These data suggest that imprinted genes may be subject to 488 regulation by TET1 and OGT in mESCs. 489
Since TETs act to remove DNA methylation, we wondered whether the changes in 490
imprinted gene expression in D2018A mESCs might be due to changes in the methylation status 491 of differentially methylated regions (DMRs). We therefore performed targeted bisulfite analysis 492
of DMRs associated with three imprinted genes, H19, Peg10, and Mest, which were 493 upregulated in D2018A mESCs compared to WT. We found that the H19 DMR was heavily 494 methylated in WT cells (79% +/-5.7%) but significantly less methylated in D2018A cells (21% +/-495 17%) ( Fig. 7C) , consistent with the very large (~30-fold) increase in expression of H19 in D2018A 496 cells compared to WT. In contrast, the Peg10 and Mest DMRs were almost completely 497 unmethylated in both cell types (Fig. 7C) , indicating that large changes in DMR methylation do 498 not account for the altered expression of these imprinted genes. 499
To examine whether regions other than DMRs exhibited altered cytosine modifications, 500
we performed immunofluorescence staining for 5mC and 5hmC on chromosome spread 501 preparations from WT and D2018A mESCs (Fig. 7D ). Although 5hmC staining was comparable 502 between the two cell lines, we observed a striking difference in the distribution of 5mC. While 503
WT cells showed enrichment of 5mC staining at pericentric heterochromatin, no such 504 enrichment was observed in D2018A cells. These analyses of cytosine modifications at 505
imprinted gene DMRs and pericentric heterochromatin indicate that the D2018A mutation has 506 a substantial impact on 5mC abundance and distribution, as well as gene expression. 507 508 509
Discussion 510 511
A unique OGT interaction domain? 512
We identified a 45-amino acid domain of TET1 that is both necessary and sufficient for 513 binding of OGT. To our knowledge, this is the first time that a small protein domain has been 514 identified that confers stable binding to OGT. The vast majority of OGT targets do not bind to 515
OGT tightly enough to be detected in co-IP experiments, suggesting that OGT's interaction with 516
TET proteins is unusually strong. For determination of the crystal structure of the human TET2 517 catalytic domain in complex with DNA, the corresponding C-terminal region was deleted [37], 518
suggesting that it may be unstructured. When bound to OGT this domain may become 519 structured, and structural studies of OGT bound to C45 could shed light on what features make 520 this domain uniquely able to interact stably with OGT and how OGT may stimulate TET1 521 activity. 522
An alternative or additional role for the stable TET-OGT interaction may be recruitment 523 of OGT to chromatin by TET proteins. Loss of TET1 causes loss of OGT from chromatin [26] and 524 induces similar changes in transcription in both wild-type mESCs and mESCs lacking DNA 525 methylation [38] . This raises the possibility that TET proteins may recruit OGT to chromatin to 526 13 regulate gene expression independent of 5mC oxidation. Consistent with this possibility, OGT 527 modifies many transcription factors and chromatin regulators in mESCs [39] (Fig. 8) . Thus it may 528 be that the stable TET1-OGT interaction promotes both regulation of TET1 activity by O-529
GlcNAcylation as well as recruitment of OGT to chromatin. Notably, our results show that TET1 530 D2018A does not rescue 5hmC levels in tet2/3 DM zebrafish embryos to the same extent as the 531 wild type protein, suggesting that at least part of the role of the TET1-OGT interaction in vivo is 532 regulation of TET1 activity. 533 534
OGT stimulation of TET activity 535
Our results show for the first time that OGT can modify a TET protein in vitro, and that 536
O-GlcNAcylation stimulates the activity of a TET protein in vitro. We have identified 8 sites of O-537
GlcNAcylation within the TET1 CD (data not shown), which precludes a simple analysis of which 538 sites are important for stimulation. It is unclear how many sites are important for TET1 539 function, as it is possible that the unusually stable interaction between OGT and TET1 allows 540
OGT to nonspecifically modify serine/threonine resides on TET1. Detailed studies of individual 541 sites of modification will be required to resolve this question. 542
Our data are also consistent with a role for OGT in TET1 regulation in cells and in vivo.
543
OGT also directly interacts with TET2 and TET3, suggesting that it may regulate all three TET 544 proteins. Notably, although all three TETs catalyze the same reaction, they show a number of 545 differences that are likely to determine their biological role. The
TET1-OGT interaction regulates TET-containing complexes and gene expression in mESCs 563
The D2018A mutation reduced the TET1-OGT interaction in mESCs and altered all 3 TET 564 containing high molecular weight complexes. While these changes did not correlate with 565 alterations in bulk 5hmC levels, the distribution of 5mC was altered. The region of TET1 that is 566 necessary and sufficient for interaction with OGT is highly conserved with the other TETs and 567
perturbing the interaction between OGT and TET1 altered the abundance of TET2 and TET3 in 568 high molecular weight complexes. Together these data suggest that OGT may be equilibrating 569 between the three TET-containing complexes. The size of the complexes in which TETs are 570 14 found (>670kDa) are larger than would be expected if the only components are a TET protein, 571
OGT, and HCF1, suggesting that additional proteins or more than one molecule of OGT, HCF1, 572 or TET are present. A thorough study of the factors that comprise these complexes, as well as 573
how the TET1 D2018A mutation alters the architecture of these complexes and the epigenetic 574 status of the genome will yield valuable insights into how the TET1-OGT interaction regulates 575 gene expression in mESCs. 576
The D2018A mutation caused a large increase in the levels of TET2, which may explain 577 why bulk 5hmC levels are unaltered when the TET1-OGT interaction is decreased. TET1 and 578 TET2 regulate different genomic regions in mESCs [44] , and redistribution of TET2 to TET1 579 targets may contribute to the altered distribution of 5mC and gene expression seen in the 580 D2018A mESCs. The magnitude of gene expression changes (nearly one quarter of genes 581 changed 2-fold or more) and striking alteration in 5mC distribution induced by a single amino 582 acid substitution demonstrates the importance of the TET1-OGT interaction in regulation of the 583 transcriptome and epigenome. Further study of how 5mC/5hmC levels and distribution are 584 controlled by the TET1-OGT interaction will provide insight into how this nutrient-sensing post-585 translational modification enzyme can regulate the epigenome. 586 587
A connection between metabolism and the epigenome 588
OGT has been proposed to act as a metabolic sensor because its cofactor, UDP-GlcNAc, 589
is synthesized via the hexosamine biosynthetic pathway (HBP), which is fed by pathways 590 metabolizing glucose, amino acids, fatty acids, and nucleotides 
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